Introduction: The role of TOMM40-APOE 19q13.3 region variants is well documented in Alzheimer's disease (AD) but remains contentious in dementia with Lewy bodies (DLB) and Parkinson's disease dementia (PDD). Methods: We dissected genetic profiles within the TOMM40-APOE region in 451 individuals from four European brain banks, including DLB and PDD cases with/without neuropathological evidence of AD-related pathology and healthy controls.
Introduction
The two late-onset Lewy body dementia forms, namely dementia with Lewy bodies (DLB) and Parkinson's disease dementia (PDD), represent the third most common type of late-onset dementia after the commonest sporadic lateonset Alzheimer's disease and vascular dementia, representing 7.6%-25% [1, 2] of late-onset dementia cases. DLB is characterized by the occurrence of significant cognitive decline before or within a year of the onset of typical Parkinson's disease (PD) motor signs, whereas the clinical diagnosis of PDD is based on dementia occurring in the subsequent course of PD, as per the third and fourth DLB consortium criteria [3] [4] [5] . It has been estimated that dementia ultimately affects 70-80% of patients with PD [6] . PD, DLB, and PDD share a common neuropathological substrate featuring selective neuronal loss of dopaminergic neurons in the substantia nigra and widespread intraneuronal inclusions of aggregated a-synuclein, known as Lewy bodies (LB) in neuronal somata and Lewy neurites in neuronal processes [5, 7, 8] . The APOE-ε4 allele, the bestvalidated genetic risk factor for AD [9] , has previously been associated with DLB and PDD [10] [11] [12] [13] . As in AD, the APOE-ε2 allele might have a protective effect on these dementia types [14] .
Neuropathologically, DLB and PDD cannot be clearly distinguished, and while both may show concomitant typical AD pathology in older individuals, this feature is more commonly observed in DLB. It has even been suggested that cortical and striatal amyloid-b (Ab) depositions are virtually always present in DLB [15] . We have previously reported a higher neocortical LB burden (mainly in the parietal and temporal cortex) and cortical plaque-load in DLB compared with PDD, underlined by APOE-ε4 carriage, and highlighted that elevated LB and Ab plaque deposition were correlated with earlier age of onset (AOO) of cognitive decline and faster progression to dementia [16] . Similar observations have also been reported by other investigators [13, 17] . APOE-ε4 has been shown to confer a higher risk for increased Ab burden [18, 19] as well as faster cognitive decline in cognitively healthy elderly individuals, mainly in female APOE-ε4 carriers [20] .
APOE maps to chromosome 19 and several variants within this locus are in tight linkage disequilibrium (LD) with variants in the TOMM40 gene located~2kb proximal (p-ter). APOE-ε4 and the tightly correlated long (L) polythymine [T] repeat polymorphism within the intervening sequence of intron 6 (IVS6, tagged by rs10524523) of TOMM40 have been associated with the risk and AOO of cognitive decline due to AD [21, 22] . Although the associations with susceptibility and AOO in AD could be due to a combination of effects of both APOE and TOMM40, the strong LD between these variants complicates analytical approaches to disentangle possible independent effect(s) [23] . As the APOE-ε3 allele is linked to TOMM40 short (S) and very long (VL) alleles in most individuals, several attempts have been made to disentangle the effects of APOE and TOMM40 variants by selecting AD patients with the APOE ε3/ε3 or ε3/ε4 genotypes. Indeed, an APOE-independent effect of longer poly-T repeats has been proposed on AOO of cognitive decline and dementia [22] , risk for pathologically proven AD [23] , cognition and grey matter volume in cognitively healthy adults [24] , hippocampal thinning [25] , cerebrospinal fluid cortisol levels [26] , and other AD-related biomarkers [27] . However, other studies have provided contradictory data pertaining to the role of APOE/ TOMM40-S/VL alleles on late-onset Alzheimer's disease-related outcomes [28] [29] [30] . A recent study on homozygous ε3/ε3 older adults reported that the S allele of the TOMM40 gene was associated with faster cognitive decline in global cognition, mainly in the domain of episodic and semantic memory, while the VL allele was under-represented in that age group [31] . It was subsequently suggested that VL allele may have a protective effect in the older old, possibly due to a pleiotropic effect of poly-T VL repeats, increasing risk in cohorts with the mean age of 57.8 and 65 years and being protective in older cohorts of a mean age of 78.5 years [32] .
Here, we studied the effects of TOMM40 and APOE variants on susceptibility to DLB, PDD, and PD in clinically and neuropathologically well-characterized individuals from one of the largest multicentre data sets assembled to date. Our newly generated data were combined with those from previously published neuropathological data sets using the same phenotypes. To our knowledge, no previous studies have investigated the effects of TOMM40 variants in pathologically confirmed DLB and PDD cases.
Methods

Data set and clinical diagnosis
Our data set includes samples from the Parkinson's UK Brain Bank at Imperial College London (PUK-ICL), the Oxford University Brain Bank (UO), the Newcastle Brain Tissue Resource at Newcastle University, and the Munich Brain Bank at Ludwig-Maximilians-University (Table 1) . Overall, these brain banks contributed clinical and neuropathological data and DNA samples from 451 individuals, classified into four clinical phenotypes: normal controls (NC) with no symptoms of PD or forms of dementia (n 5 86), PD with no symptoms of dementia (PDnD, n 5 84), PDD (n 5 102), and DLB (n 5 179) ( Table 1 and Supplementary Materials). Clinical diagnosis was based on the Parkinson's Society UK Brain Bank criteria for PD [33] , and the third DLB consortium criteria for DLB [3] ; the diagnosis of PDD was based on the occurrence of significant cognitive and functional decline over a year after the onset of PD motor signs.
In the UO, Ludwig-Maximilians-University, and PUK-ICL samples, pathological assessment allowed further clinicopathological subclassification into PDD with/ without AD (PDD1AD/PDD-AD) and DLB with/without AD (DLB1AD/DLB-AD) ( Table 1 and Supplementary Materials). The AD pathology was considered to be present if the Braak neurofilament tangle stage was . III and the "Consortium to Establish a Registry for AD" (CERAD) plaque score was C [34] . PDD and DLB cases were subdivided based on the presence of concomitant AD pathology, as follows: PDD-AD/DLB-AD -Braak tau stage I-III and CERAD plaque 0-B; PDD1AD/DLB1AD -Braak tau stage IV and/or CERAD C.
All the controls (UO) were tested for protein deposits or morphological abnormalities. Individuals were only included if, additionally, no clinical information or pathological findings suggested the possibility of an alternative form of a late-onset neurodegenerative disease.
Genotyping was carried out on DNA extracted from cerebellar cortex using standard PCR procedures (Supplementary Materials). The TOMM40 poly-T repeat rs10524523 (hg19 chr19:45403049-45403067 / poly-T) was genotyped directly through PCR, obtaining a direct readout of the poly-T length. We found 16 allelic lengths of the multivariate fragment length of the TOMM40 IVS6 poly-T and applied the previously reported length classification in three groups; short (S,20 T bases), long (20L30 T bases), and very long (VL31 T bases) [35] . For the APOE, we used two tagging SNPs rs429358 (hg19 chr19:4541194T.C) and rs7412 (hg19 chr19:45412079C.T), which uniquely identify haplotypes for the APOE ε2/ε3/ε4 alleles.
Statistical methods
We used logistic regression (R statistical software, v3.2.0) to test for log-additive genetic effects of individual alleles compared with other alleles grouped together on the study phenotypes. Models based on TOMM40 and APOE variant carrier status were tested and provided very similar results (not shown). All tests were adjusted for sex and age at death of participants. We also tested a model that additionally accounted for the effect of APOE variants on TOMM40 associations and vice versa. We applied Bonferroni correction to adjust for multiple testing (8 tests for each of S/L/VL alleles, total 5 24, Table 2,  Supplementary Tables 1 and 2 ); hence, P value ,.0021 was used as significance threshold in this study. Furthermore, associations of TOMM40-L/APOE-ε4 alleles with the presence of concomitant AD pathology in DLB and PDD were tested using logistic regression adjusting for sex and age at death. We also conducted a survival analysis and implemented the Cox proportional hazard model to evaluate the effect of TOMM40-L/APOE-ε4 alleles on the age at onset of DLB and PDD among individuals with dementia and visualized the results using Kaplan-Meier plot. Subgroup analysis was further conducted among subjects with APOE ε3/ε3 and ε3/ε4 genotypes to examine additional effects of TOMM40 S/VL alleles.
Literature search and meta-analysis methods
To identify previous reports on the association between the TOMM40/APOE locus and DLB, we followed data extraction protocols previously established by our group for meta-analysis of genetic association data [36, 37] . In the absence of previous reports on the effect of TOMM40 poly-T repeat variants, we searched PubMed (www.ncbi. nlm.nih.gov/pubmed/) using the search terms "("apoe" Among 247 identified publications, we used the following specific criteria to assess for their inclusion eligibility: only studies published in English in peer-reviewed journals and comparing APOE genotypes or allele frequencies in at least 10 DLB cases (with and without concomitant AD pathology) and 10 controls were included in the analyses. This led to the identification of a total of 42 studies published by 15 September, 2017. We extracted information from these studies and assessed them for data overlap. We excluded 16 overlapping data sets, leaving the largest of two overlapping data sets with available genotype data for meta-analysis. We extracted genotype and/or allele distributions from the remaining 26 publications as reported and meta-analyzed in R software environment, assuming an additive genetic model and using a fixed-effects inverse-variance metaanalysis approach [36] . We performed meta-analyses on all available data, and after stratification for diagnosis (clinical and pathological). In addition, we conducted metaanalysis of data sets with preselected individuals that showed presence of concomitant AD pathology. We used Forest plots implemented through a customized R package script to visualize meta-analysis results [36] .
Results
Genetic association results in newly ascertained neuropathological data sets
We detected no association between the TOMM40-L or APOE-ε4 alleles and PDnD as compared with NC (P value 5 .69, P value 5 .49) ( Table 2, Table 3 ). Thus, the PDnD group was combined with NC to improve power of all subsequent analyses (n 5 170). Association of the TOMM40-L or APOE-ε4 with PDD compared with combined NC/ PDnD group was only nominally significant (P value 5 .033, P value 5 .024) and did not survive the correction for multiple testing. However, DLB showed strong evidence for association with the TOMM40-L allele (OR 5 3.61, P value 5 3.23 ! 10
29
) as well as with the APOE-ε4 allele (OR 5 3.75, P value 5 4.90 ! 10
210
). There was also a statistically significant difference in the effect of the TOMM40-L allele/APOE-ε4 allele on the risk of DLB as compared with PDD status (OR TOMM40 5 2.15, P value 5 6.37 ! 10
24
; OR APOE 5 2.17; P value 5 3.45 ! 10 24 ).
TOMM40-L/APOE-ε4 effect on AD pathology
Applying the neuropathological criteria for AD, as aforementioned, we observed large number of individuals with concomitant AD pathology in 23% of patients with PDD and 49% of patients with DLB. The TOMM40-L and APOE-ε4 alleles were associated with higher prevalence of AD pathology in DLB (OR TOMM40 5 2.27, P value 5 .017; OR APOE 5 2.61, P value 5 .006) but not in PDD patients. In PDD, there was no statistically significant effect of TOMM40-L or APOE-ε4 alleles in either subgroup, PDD1AD (P value 5 .53, P value 5 1.00) or PDD-AD (P value 5 .22, P value 5 .09), compared with the combined NC/PDnD control group ( Table 2, Table 3 ). TOMM40-L/ APOE-ε4 alleles exerted the largest effect on the DLB1AD group (OR TOMM40 5 4.40, P value 5 1.15 ! 10 26 ; OR APOE 5 5.65, P value 5 2.97 ! 10 28 ) only; there was NOTE. The results are reported as odds ratios (ORs) with their 95% confidence intervals (CIs). Model tested: TOMM40-L allele log-additive effect on risk compared with combined effect of other alleles, adjusted for age at death and sex. We also adjusted the same model for the additive effect of APOE-ε4 allele.
Results in bold are statistically significant after correction for multiple testing (P value , .0021). Abbreviations: NC, normal controls; PDnD, Parkinson's disease without dementia; PDD1AD/PDD-AD, Parkinson's disease with dementia with/without neuropathologically defined Alzheimer's disease; DLB1AD/DLB-AD, dementia with Levy bodies with/without neuropathologically defined AD. NOTE. The results are reported as odds ratios (ORs) with their 95% confidence intervals (CIs). Model tested: APOE-ε4 allele log-additive effect on risk compared to combined effect of other alleles, adjusted for age at death and sex. We also adjusted the same model for the additive effect of TOMM40-L allele.
Results in bold are statistically significant after correction for multiple testing (P value , .0021). Abbreviations: NC, normal controls; PDnD, Parkinson's disease without dementia; PDD1AD/PDD-AD, Parkinson's disease with dementia with/without neuropathologically defined Alzheimer's disease; DLB1AD/DLB-AD, dementia with Levy bodies with/without neuropathologically defined AD. no association observed for the similarly sized group of DLB-AD individuals (P value 5 .067, P value 5 .023, respectively), after correction for multiple testing. In the sensitivity analyses, the effect estimates of TOMM40-L and APOE-ε4 alleles were similar in magnitude for all phenotypes when compared with NC and the combined NCPDnD groups (Supplementary Table 1 ).
Conditional analyses of the TOMM40/APOE variants
The TOMM40 poly-T repeat length polymorphism and APOE haplotypes show strong LD in our data set (r 2 5 0.941), in line with previous reports [21] . We therefore investigated, whether the observed effects at both loci on DLB1AD risk can be disentangled using conditional analyses. As shown in Table 2 , the observed effects of the TOMM40-L allele on the DLB1AD neuropathological (NP) phenotype lost significance when adjusted for the APOE-ε4 effect (P value . 0.05). By contrast, the APOE-ε4 association with DLB1AD remained unaffected when adjusted for the TOMM40-L allele carrier status (P value 5 8.29 ! 10 24 ), but became insignificant for other NP phenotypes (Table 3 ). The residual significance exerted by APOE-ε4 in DLB1AD individuals after adjustment for TOMM40-L may be due to the presence of one instance of SL and one of LVL genotypes co-occurring with ε4/ε4 genotype, and 3 SVL and one VLVL co-occurring with ε2/ε4 or ε3/ε4 genotype, in this particular diagnostic group. This proportion of non-L/L genotype carriers is nearly 3 times as high as in the full sample, where we observed 3 instances of SL, one SVL and two LVL genotypes co-occurring with APOE ε4/ε4. Next, we investigated whether any of the other TOMM40 or APOE loci alleles showed additional effects apart from primary L-/ε4-allele associations but found no evidence on any phenotypes to support this hypothesis (Supplementary Tables 2-5 ). Finally, a subgroup analysis in individuals with APOE ε3/ε3 or ε3/ε4 genotypes showed no effects of the TOMM40 S/VL alleles on dementia risk (Supplementary Tables 6 and 7) .
TOMM40-L/APOE-ε4 effects on age at onset of dementia
We implemented Cox regression survival analyses to assess whether the TOMM40-L/APOE-ε4 alleles were associated with risk of earlier onset of dementia. This was, indeed, the case in DLB (HR TOMM40 Fig. 1 , the correlation between APOE-ε4 and TOMM40-L shows marginal differences across the age groups, below the age of 80 years; while in all cases aged 80 years and older, both alleles co-occur in the same individuals. The reason for this is unclear but may be due to the imperfect LD between both variants or, indeed, subtle population differences across age groups and/or statistical fluctuations.
Meta-analysis with previously published data
Following our systematic literature screen of studies available through PubMed containing data on the association between APOE-ε4 allele and DLB (with and without concomitant AD pathology), we identified a total of 26 studies that combined information about up to 9400 individuals. Summary statistics limited to these previously published studies alone corroborated our newly generated findings, that is, they showed significant association between APOE-ε4 and DLB (OR ), (Fig. 2) .
Discussion
We report one of the largest multicentre studies to date disentangling the TOMM40 and APOE loci genetic variant effects on the risk of pathologically confirmed DLB and PDD. We demonstrated that both the TOMM40-L and APOE-ε4 alleles increase the susceptibility and risk of earlier onset of DLB, while we observed no major effect of these variants on PDD risk. The APOE-ε4 allele effect estimates on DLB obtained in our study are of similar magnitude to those reported in other studies of AD (Table 3 ) [38] . In this study, we showed that both TOMM40-L and APOE-ε4 alleles are associated with higher prevalence of concomitant AD pathology in DLB but not in PDD. Furthermore, the TOMM40-L/APOE-ε4 effects on DLB are likely driven by their associations with AD-related pathology (DLB1AD) because these alleles do not increase the risk of DLB-AD. These results confirm our previous findings reported using the Parkinson's UK ICL Brain Bank samples [16] ; and provide evidence for the TOMM40-L/APOE-ε4 positive associations with DLB risk being explained by their effects on AD pathology. Owing to the strong LD between variants of the two genes at this locus, we were unable to statistically distinguish the effects of TOMM40-L and APOE-ε4 in our series. It has recently been reported that LD structures of genes in the APOE/TOMM40 locus are highly heterogeneous, with significant differences between patients with AD and unaffected controls and that these differing patterns may correspond to heterogenous "molecular signatures" that may denote polygenetically enhanced susceptibility to AD and related diseases [39] . Future work needs to further assess the clinical discriminative value of either variant to distinguish DLB with versus without concomitant AD pathology and to clarify the molecular mechanisms underlying the association between DLB1AD and APOE-ε4 or TOMM40-L (or both). In contrast to the DLB associations, we did not identify significant effects of either TOMM40 or APOE variants on PDD, regardless of concomitant AD pathology. This is in line with a previously published report, which found only weak evidence for a role of APOE in PDD [40] . Further studies are needed in larger, ideally neuropathologically confirmed data sets, to validate the lack of association between APOE-ε4/TOMM40-L and PDD.
The associations between TOMM40/APOE and DLB, observed in our analysis, were corroborated in metaanalyses of the previously published evidence on the topic. Taken together, the statistical support from the metaanalyses in our study exceed those estimated in 2003 using only 61 individuals with DLB [41] by at least five orders of magnitude owing to the much greater power of our analyses. Our results are also in agreement with Bras et al. on AD and PD candidate loci (using the "NeuroX" array) in neuropathologically confirmed DLB cases and controls, although that study did not report association results for APOE-ε4 or DLB1AD specifically [10] . This possibly explains why the OR reported in the study by Bras et al. is much smaller (OR 5 2.8) compared with our analyses (OR 5 5.65).
Since the completion of our study, a large genome-wide association studies (GWAS) of DLB , has reported the association with DLB for previously established AD and PD loci [11] . Specifically, the study identified the genome-wide significant (P value ,5 ! 10 28 ) association between DLB risk and APOE-ε4, and, to a lesser extent, effects of SNCA and GBA locus variants on susceptibility to DLB [11] . Similar to previous GWAS in AD, this GWAS study did not include the poly-T repeat variant rs10524523 (rs523), thus, no data were available with regard to TOMM40 variants.
Our findings, corroborated by others [7, 17] , have important implications for drug discovery and development strategies towards novel effective therapies for delaying disease onset and progression for both DLB and AD. First, the current R&D monotherapy model in AD, DLB, and other late-onset dementias targeting individual pathological pathways, such as amyloid, tau or a-synuclein, may not be optimal for treating these diseases due to the co-occurrence of multiple pathological features [5, 7, 8] . Furthermore, DLB and AD are multifactorial conditions, resulting from complex interactions (over time) between gene products, epigenetic and other biological processes related to ageing and a variety of life-long environmental factors and exposures. The gene products encoded by the two genes, namely APOE and the TOMM40 Translocase, have important roles in metabolic and oxidative homeostasis. APOE is a key cholesterol transporter with known effects on lipid metabolism, mitochondrial function, and is possibly involved in immunemodulating mechanisms [42] . TOMM40 Translocase, on the other hand, forms part of the outer mitochondrial membrane apparatus, with a key role in transmembrane transport mechanisms [43] . For AD, DLB, and other agerelated neurodegenerative diseases, we still have major gaps in understanding the composition and chronology of the etiological puzzle that leads to synaptic dysfunction and neuronal death. It is also important to note that genetic-based risk prediction algorithms and biomarkers are currently being used in randomized clinical trials involving cognitively healthy elderly individuals for disease stratification and selection of "at-risk for AD" subjects. APOE-ε4 homozygosity or heterozygosity, the latter with biomarker evidence of abnormal amyloid burden, are currently used in randomized clinical trials testing antiamyloid therapies, and, in a trial of pioglitazone (repurposed antidiabetic) a genetics-based risk algorithm uses a combination of age and APOE/TOMM40 poly-T repeat genotypes as a risk selection criterion [44] . In addition, polygenic risk scores, using GWAS-derived common and small-effect variants in addition to APOE have been reported to moderately increase sensitivity and specificity of modulating risk for AD and its AOO [45] [46] [47] , thus potentially increasing the sensitivity of current models.
Our study has a number of limitations. First, the data sets used in our association analyses were relatively modest and, thus, potentially would require larger study samples to disentangle the effects of TOMM40-L and APOE-ε4 alleles or the APOE-ε3/TOMM40-S and -VL alleles on DLB. This potential loss in power was somewhat mitigated by the fact that all cases and controls included here were neuropathologically confirmed, thus diminishing the risk of misclassification. We also acknowledge that this study is smaller than currently available GWAS for PD or DLB [10, 11, 48] . However, even recent genome-wide genotyping arrays do not directly genotype all variants investigated in our study (e.g., TOMM40 poly-T repeats) [43] , and GWAS are typically based on clinical data, thus diminishing their ability to evaluate genetic effects on accurate DLB and PDD clinicopathological phenotypes. Furthermore, our APOE-ε4 -DLB association findings were corroborated in independent data sets investigating the role of APOE specifically, which we combined in the hitherto largest meta-analysis on the topic. We note that all of the samples analysed here were of European descent. To further assess the contribution of APOE-ε4/TOMM40-L on DLB, further work is required in non-European data sets to generate genotype data in diverse ethnic-descent groups.
Another limitation of our study is the lack of genome-wide genotyping data precluding a detailed assessment of potential population stratification effects on our results. However, we took several measures to minimize the possibility of bias due to admixture in our analyses: First, we have defined all samples in our data set as of European descent based on the clinical information. Second, we adjusted our analyses for study centre, thus taking into account subtle differences in data set composition across sites. Moreover, very similar results were observed in independent data sets identified by our systematic literature screen, suggesting that our findings are not substantially skewed by unadjusted stratification. Finally, our results do not allow any specific insights on the molecular mechanisms underlying the observed associations. This includes an answer to the question as to whether dysfunction of TOMM40 or APOE is responsible for the risk effects on DLB. We did not detect any additional effects of TOMM40-S or VL alleles in APOE ε3/ε3 or ε3/ε4 carriers, possibly because of the small sample size in those genotype subgroups. The ε4-allele is a missense change invoking a cysteine (Cys) to arginine (Arg) exchange to the amino acid sequence at residue 112. There is a plethora of published reports on the potential molecular mechanisms of the effect of APOE-ε4 expression on the amyloid cascade hypothesis, involving enhanced amyloid synthesis, early Ab fibril formation and significant increase of amyloid load, as well as impaired Ab clearance [18, 19, 42] . A direct neurotoxic effect of apoE ε4, when expressed in neurons, has also been proposed; this effect may be mediated by mitochondrial dysfunction and cytoskeletal alterations [42, 49] . Notwithstanding, to allow a more detailed assessment of the respective roles of APOE and TOMM40, molecular methods allowing haplotype reconstruction and analysis are needed and should be the focus of future work.
In summary, we report evidence for genome-wide significant association between APOE-ε4/TOMM40-L allele with DLB risk and age of disease onset. This association is explained by the co-occurrence of AD pathology in DLB that is altogether absent in PDD cases. Our findings may have important implications in drug discovery and development strategies targeting late-onset dementias with mixed pathological phenotypes. Genome-wide association studies have recently demonstrated the role of the APOE locus on susceptibility to DLB, however, provided contradictory support in the case of PDD. Yet, the respective roles of apolipoprotein E (APOE) ε4 and TOMM40 IVS6 poly-T L alleles in susceptibility to DLB have rarely been addressed. Given their functional impact and potential implications for drug discovery and development, the issue of a distinct biological candidacy between the two genes is an important one, albeit difficult to disentangle due to their tight linkage disequilibrium.
2. Interpretation: Using samples and data from four European Brain banks, along with assessment of cooccurrence of AD pathology, we have attempted to dissect the primary effect of APOE-ε4/TOMM40-L on risk of developing Lewy body dementias. Our findings suggest that presence of APOE-ε4/ TOMM40-L has no effect on PDD risk, while their effect on DLB is due to AD co-occurrence.
3. Future directions: Our findings have important implications for drug discovery and development strategies towards novel effective therapies for delaying disease onset and progression of both DLB and AD.
